In this paper a general analysis is presented for the active control of the far-field harmonic sound radiated by a rectangular panel that is built into an infinite baffle. In this analysis, the panel vibration may be generated by either airborne sound (incident sound field) or by structure borne vibrations. The far-field radiated sound is controlled either by acoustical sources or vibration sources. Minimization of both the local sound pressure and the total power output is considered. Analytical results for the particular case involving minimization of the sound pressure at a single point are compared with experimental data. The physical mechanisms involved for different control sources (vibration or acoustic) are demonstrated analytically. For the case of vibration control sources, the panel modal velocity components are adjusted to produce far-field sound control. This can be done either by decreasing their amplitudes, and/or by changing the temporal phases of the panel modes. However, for acoustic control sources, the far-field sound is minimized by alteration of the radiation impedance seen by the vibrating panel and the control sources.
INTRODUCTION
While the use of active noise control in ducts has met with considerable success, • its application to three-dimensional sound fields (as opposed to one-dimensional plane waves) has not. Recent work 2 has demonstrated that the acoustic control mechanism in a duct is the change in the radiation impedance of the noise source, caused by the introduction of a secondary disturbance, thereby decreasing the acoustic power flow under controlled conditions. Other analytical work 3 has demonstrated these concepts for monopole sources radiating into free space.
Many of the low-frequency noise problems targeted as possible recipients of active control involve the radiation of sound from vibrating surfaces. This can either be radiation into free space, as with a transformer, 4 or transmission into a coupled •tructural/acoustic system, as with an aircraft fuselage s or automobile interior. 6 The main body of work has centered around the use of acoustic sources for control. It has been found that the use of a single acoustic source produces a small "quiet zone," at the expense of increased sound levels elsewhere. 7 Surrounding the vibrating surface with acoustic sources can, however, result in global attenuation of the sound levels. 4
Applying the understanding of the mechanism of active noise control from the one-dimensional case of a duct to three-dimensional systems, it can be surmised that for global sound attenuation to be achieved, the total sound power radiated by the noise source must be reduced. If acoustic sources are to be successful in controlling sound radiation from a vibrating surface, they must be able to significantly alter the radiation impedance "seen" by the source. Alternatively, vibration actuators such as electrodynamic shakers 5 or piezoelectric ceramics 8'9 may also be used successfully as control sources on a vibrating surface if they can decrease the panel surface velocity and/or alter the relative temporal phases of the structural modes, and hence change the overall phase between the surface velocity and pressure. This has been demonstrated experimentally 1ø for sound radiation into free space, and theoretically TM for sound transmission into a rectangular enclosure.
Previous theoretical investigations of the active control of sound radiation from a panel into free space have considered the use of either acoustic control sources •2 or vibration (point force) control sources. •3 The following is a general analysis of the use of control forces or acoustic sources to control harmonic sound radiation from a simply supported baffled panel. The purpose of the analysis is to be able to predict the maximum radiated sound power reduction, which would be achievable using an ideal controller and a particular control source arrangement. Experimental data are provided to verify the theory. Although the following analysis applies to a panel excited by an incident acoustic field or by point forces, for the sake of brevity, experimental results are only provided for point force excitation. 
II. SOUND PRESSURE ON THE PANEL SURFACES
The total sound pressureptota• distributed on both panel surfaces can be expressed as Ptota, =Pøpr•' -{-Pcøo-• -{-Praa, (9) wherepøp• is the pressure due to the primary force, OPcon is the pressure due to the control forces, and Praa is the radiation loading pressure. The sound pressure Praa is the distributed sound pressure evaluated on the panel surfaces due to all radiation loading terms. These loading terms are the sound pressure loading on the panel surface by the acoustic control sources and the loading due to panel radiation into the positive and negative Z spaces. In this model, all the loading terms are assumed to be a second-order effect on the panel velocity distribution, and are ignored; thus Praa = 0. 
•-' kLy sin 0 sin &r, . This mechanism can be demonstrated by placing a point acoustic control source close to a monopole acoustic source in a free field. It can be shown that the total radiated far-field sound pressure can be reduced by adjusting the control source so that it has the same volume velocity magnitude and opposite phase. The resultant sound field will be characteristic of a dipole source, which effectively has a smaller radiation impedance. The volume velocity can be adjusted further by using an optimization method, so that the control source becomes a sound absorber; •6 in this case, the far-field sound pressure can be reduced even more.
IV. MINIMIZATION OF SOUND PRESSURE AT A POINT(S)
The total sound pressure level at any point in the far field of the panel, p(r,co), is equal to the sum of the pressures of the primary noise source and the control source(s): p(r,co) =pV(r,w) +pS(r,co).
Thus, the pressure amplitude squared is Ip(r,co) I -pS(r,co)pS(r,co)* + pV(r,co)pS(r,co)* + pS(r,co)pV(r,co) * + pV(r,co)pV(r,co) *,
where the asterisk denotes the complex conjugate. It can be deduced from Eq. (29) that the total sound pressure squared at any point in the far field is a quadratic function of the pressure produced by the control source (s). 
Once the optimum complex control forces or volume velocities for a particular control source/error microphone arrangement have been calculated, the resulting residual sound pressure level at any point can be found by using Eq.
(29) with these control forces or volume velocities.
In a practical active noise control system, error sensors (usually microphones) sense the sound pressure level at a point or points and the inputs to the control actuators are adjusted by the controller to minimize this sensed "error signal." Normally, at least as many error sensors as control sources are required for there to be a unique combination of control source forces (or volume velocities) that will minimize the total squared sound pressure. For a noise source having some nonuniform directivity pattern, the placement of the "error microphone(s)" will have a significant effect upon the global attenuation achieved under optimum controlled conditions. Optimal controlled conditions refer to the control force amplitudes and phases necessary to minimize the sound pressure amplitudes of the error sensors. The total power optimization is usually limited at the computer simulation stage, because of the large number of sensors required. Therefore, when designing a system to actively control sound radiation from a structure, the contributions to the sound pressure level at the error sensing locations(s) from the various system components can be determined by the theory outlined in the previous sections. The sound pressure level at this point(s) can then be minimized, and the resulting residual radiation calculated. From this residual radiation, the total power radiated can be calculated and this power will be a function of the sensor location. The optimal location (s) of error sensor (s) for a particular control source arrangement can be determined by comparing the achieved total power reduction level (obtained by minimizing the farfield sound pressure) with that calculated by minimizing the total acoustic power. The calculation of the maximum achievable reduction of radiated sound power for a specified control source arrangement is discussed in the next section. 
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for a particular control source configuration.
VI. EXPERIMENTAL VERIFICATION
A. Experimental arrangement
Experiments were conducted to verify the theory outlined in the preceding sections for the case of sound pressure minimization at a single point in the far field of the noise source using both acoustic and vibration control sources. The tests were undertaken in an anechoic chamber using a rectangular steel panel of (x,y) dimensions 380 mmX300 mm X 2 mm thick mounted in a heavy steel frame. The steel reference signal. The same reference signal was used to drive the control source (vibration or acoustic) after being fed through a separate power amplifier and manually operated phase shifter. With both the primary exciter and control source(s) operating simultaneously, the amplitude and phase of the driving signal to the control exciter was adjusted to produce a minimum sound pressure level at a particular position of the traversing microphone. The residual panel radiation field and plate response were then measured. The theoretical sound pressure distributions were calculated using the equations outlined in this paper. The electromagnetic actuator was modeled as a point force input at the panel center. This introduced some error into the results, as the forcing function contains a permanent distributed magnetic force component, as will be described later in this paper. For the particular control source arrangement, the sound pressure level at the error microphone position was minimized using the procedure outlined in Sec. IV. The re- 1 2,1 1,2 2,2 3,1 3,2 1,3 4,1 2,3 1 2,1 1,2 2,2 3,1 3,2 1,3 4,1 2,3 less than expected if the primary excitation were a point force; if it should go down, it will go down less than expected.
Note that the overall sound power level reduction corresponding to Fig. 6 is only 10.5 dB, which is much smaller than might be expected by inspection of the sound pressure level reductions in the plane shown in the figure. This is because the below center location of the control source has excited the (1,2) mode (see Fig. 4 ), which will contribute significantly to out of plane sound pressure levels.
Consider now the effect upon the modal amplitudes of applying vibration control at (x = --150,y = 0) mm, and minimizing the sound pressure at ( 1.8,0ø,0 ø) (corresponding to the radiation plot of Fig. 9 When this result is viewed in light of the change in the phasing of the surface velocity, found by comparing the primary phasing of Fig. 12(a) with the controlled phasing of Fig. 12 (b) , the total effect can be deduced. Under the action of vibration control the "high velocity" center region of the panel, which is approximately 180 ø out of phase with each side, has increased in size relative to the two edge regions. Thus the center region has become more of an acoustic sink, reducing the overall radiation efficiency of the panel. The results presented here show that, for a given panel and primary exciting force, the employment of these two mechanisms can be combined in varying degrees at any given vibration control application point. Also, a single vibration control source can utilize effectively either or both of these mechanisms in some instances.
It is interesting to consider that a single vibration control source can reduce the amplitudes of a number of structural modes simultaneously, without causing an increase in the amplitudes of other structural modes. This can be explained by considering that for a lightly damped, mechanically excited panel there will be regions where the majority of the primary radiating structural modes will be in phase. In these regions, a single vibration source can effectively control all of the in-phase modes simultaneously to some degree, dependent upon the relative vibration amplitudes of the modes. Conversely, it is the use of a control source at locations on the panel where the primary structural modes are out of phase, which results in the structural modal rearrangement control mechanism being important in providing 
